The primase fragment of bacteriophage T7 gene 4 protein catalyzes the synthesis of oligoribonucleotides in the presence of ATP, CTP, Mg 2؉ (or Mn 2؉ ), and DNA containing a primase recognition site. During chain initiation, ATP binds with a K m of 0.32 mM, and CTP binds with a K m of 0.85 mM. Synthesis of the dinucleotides proceeds at a rate of 3.8/s. The dinucleotide either dissociates or is extended to a tetranucleotide. The primase preferentially inserts ribonucleotides forming WatsonCrick base pairs with the DNA template >200-fold more rapidly than other ribo-or deoxynucleotides. 3-dCTP binds the primase with a similar affinity as CTP and is incorporated as a chain terminator at a rate 1 ⁄100 that of CTP. ATP analogues ␣,␤-methylene ATP, ␤,␥-methylene ATP, and ␤,␥-imido ATP are incorporated by the primase fragment at the 5-ends of the oligoribonucleotides but not at the 3-ends. A model is presented in which the primase fragment utilizes two nucleotide-binding sites, one for the initiating ATP and one for the nucleoside triphosphate which elongates the primer on the 3-end. The initiation site binds ATP or oligoribonucleotides, whereas the elongation site binds ATP or CTP as directed by the template.
The product of gene 4 of bacteriophage T7 (1, 2) synthesizes the oligoribonucleotides used as primers by T7 DNA polymerase. Gene 4 encodes a multifunctional protein that provides both primase and helicase activity required for the replication of the phage DNA. The gene 4 protein is a hexamer (3) (4) (5) comprised of two co-linear proteins translated from separate in-frame translational start sites (6) . The larger 63-kDa protein has both primase and helicase activities. As a helicase, the 63-kDa gene 4 protein translocates 5Ј-to-3Ј on ssDNA 1 (7) and unwinds duplex DNA in a reaction coupled to the hydrolysis of nucleoside triphosphates (8 -10) . The smaller 56-kDa protein lacks a 7-kDa Cys 4 zinc ribbon motif as well as the ability to prime DNA synthesis (11) . The absence of primase activity in the 56-kDa gene 4 protein has enabled detailed kinetic studies to be conducted using the T7 helicase (11) (12) (13) . However, the competitive effects of multiple activities have complicated characterization of T7 DNA primase activity. For example, although the T7 helicase preferentially hydrolyzes dTTP as the energy source to unwind double-stranded DNA, the enzyme also hydrolyzes ATP (9) . Hence, this activity would dramatically lower the concentration of ATP in primase assays and therefore artificially decrease rates of primer synthesis measured.
We have recently isolated the DNA primase from bacteriophage T7 as a 30-kDa peptide fragment containing only the N-terminal 271 amino acids (14) , a region homologous to the bacterial DNA primases (15) . This "primase fragment" lacks dTTPase and helicase activities but retains primase activity (14) . We showed in the accompanying paper that at saturating concentrations of DNA, the primase fragment catalyzes oligoribonucleotide synthesis at rates even higher than that of the 63-kDa gene protein (16) . This system, requiring only a 30-kDa protein, a 7-nucleotide DNA template, NTPs, and Mg 2ϩ , provides an elegant model system to study template-directed nucleic acid polymerases. Here, we use the primase fragment to examine the rates of each step in oligoribonucleotide synthesis and to examine the binding of the NTP precursors required for the oligonucleotide initiation. Such studies would be impossible using the full-length gene 4 protein since NTPs are rapidly hydrolyzed as the energy source for translocation of the helicase domain. The concentration of each DNA oligonucleotide (moles 3Ј-ends/L) was calculated from A 260 and its extinction coefficient. The primase fragment contains residues 1-271 of the 63-kDa gene 4 G64 protein and was purified as described (14) . The gene 4 G64 is a 63-kDa gene 4 protein encoded by a T7 gene 4 where the start codon for the small form of the gene 4 protein was eliminated, substituting glycine for methionine-64 (17) . This mutant allele supports the growth of phage lacking gene 4, and the enzymatic activities of the M64G protein are indistinguishable from wild-type 63-kDa gene 4 protein (17) . The 63-kDa M64G allele was modified to code for a protein containing only the N-terminal 271 amino acids of the T7 gene 4 protein. We refer to this peptide as the primase fragment because it lacks dTTPase and helicase activities but retains primase activity (14) . NTPs and radiolabeled nucleotides were purchased from Amersham Pharmacia Biotech. The ATP analogues ␣,␤-methylene ATP, ␤,␥-methylene ATP, and ␤,␥-imido ATP were purchased from Sigma.
EXPERIMENTAL PROCEDURES

Materials-Oligonucleotides
The CTP analogue 3Ј-dCTP was synthesized from 3Ј-deoxycytosine as follows. Phosphorus oxychloride (230 mg, 1.5 mmol) was added dropwise to a stirred, cool (0 -5°C) solution of 3Ј-deoxycytidine (227 mg, 1 mmol) in a mixture of trimethylphosphate and triethylphosphate (1:1, 6 ml). After 3 h, the reaction mixture was simultaneously treated with a 0.5 M N,N-dimethylformamide solution of tri-n-butyl ammonium pyrophosphate (5 mmol) and tributylamine (5 mmol). After stirring for 10 min, the reaction mixture was quenched with a 1 M triethylammonium bicarbonate solution (20 ml, pH 7.5) and stirred at room temperature for 2 h. The crude mixture was purified on Sephadex A-25 column using a linear gradient from 0 to 1 M triethylammonium bicarbonate buffer (pH 7.5). The triphosphate peak fractions were collected, concentrated in vacuo, and purified by reserve phase high pressure liquid chromatography (Waters Delta-Pak TM 15 micron C-18 column (1.9 ϫ 30 cm)) using a gradient of 0 -100% buffer A (0.1 M triethylammonium bicarbonate) and buffer B (25% acetonitrile in 0.1 M TEAB) at 12 ml/min. Yield was 150 mg of 3Ј-dCTP. Analysis of the product by 31 P NMR (ppm) (D 2 O/EDTA) gave three peaks: 10.17 (dimer), 10.65 (dimer), and 22.71 (trimer).
Primase Assays-Oligoribonucleotide synthesis was measured as described in the accompanying paper (16) . Except for the experiment described in Fig. 1 , all reactions were carried out in the presence of 10 mM free Mg 2ϩ . Assuming each mol of NTP binds 1 mol of Mg 2ϩ tightly, NTPs were premixed with equal molar concentrations of MgCl 2 before use, and 10 mM additional MgCl 2 was added to each reaction. Oligonucleotide extension reactions were performed under conditions similar to those described for the oligoribonucleotide synthesis assay (16) except that the extension of the ribonucleotide 5Ј-ACC-3Ј was monitored. The primase fragment was incubated with 0.44 mM of 5Ј-ACC-3Ј, 50 M DNA template, and 1 mM of [␣-
32 P]NTP. Reactions contained 50 M template, 40 mM Tris-Cl, pH 7.5, 50 mM potassium glutamate, 10 mM MgCl 2 , 10 mM dithiothreitol, 50 g/ml bovine serum albumin, 50 mM potassium glutamate, and the indicated concentrations of primase fragment. After incubation at 23°C for 30 min, the reactions were stopped by the addition of 10 l of stop solution (98% formamide, 10 mM EDTA, pH 8.0, 0.1% xylene cyanol FF, and 0.1% bromphenol blue). Samples were heated to 95°C for 5 min, the products were separated by electrophoresis on a 25% polyacrylamide gel containing 3 M urea, and amounts of products were measured using phosphorimage analysis with a Fuji BAS 1000 Bio-imaging analyzer.
RESULTS
The synthesis of oligoribonucleotides by the T7 DNA primase requires ATP and CTP, divalent cations, and a ssDNA template (1). On natural ssDNA templates, most of these primers are synthesized at specific DNA sequences designated "primase recognition sites," the majority of which contain the sequence 5Ј-(G/T)GGTC-3Ј or 5Ј-GTGTC-3Ј (7). Oligonucleotide synthesis begins opposite the dT in the recognition site, and all primers have the triphosphate moiety of ATP retained at the 5Ј-terminus (1, 18) . The essential 3Ј-C in the recognition site is not copied into the primer and is designated as "cryptic" (7, 19) . The primase makes contact with the DNA via interactions with the two initiating NTPs, the cryptic C, and the two bases flanking the 3Ј-end of the cryptic C. As a consequence, although a 5-nucleotide DNA template (i.e. 5Ј-GGGTC-3Ј) is sufficient to support oligoribonucleotide synthesis, a 7-nucleotide template such as 5Ј-GGGTCAA-3Ј provides for optimal synthesis (16) . DNA binds more tightly to the helicase domain of the 63-kDa gene 4 protein but in a sequence-independent manner. The translocation of the helicase along ssDNA, fueled by the hydrolysis of NTPs, likely regulates contacts made between the primase and primase recognition sites in DNA. To study directly oligoribonucleotide synthesis, we have used short synthetic DNA templates and the primase fragment of the T7 gene 4 protein that lacks helicase and NTPase activities but retains the ability to synthesize oligoribonucleotides.
Synthesis of Oligoribonucleotides on Templates Containing Truncated Primase
Recognition Sites-The primase fragment requires only DNA containing a primase recognition site in addition to ATP, CTP, and divalent metal ions to catalyze the synthesis of short template-directed oligoribonucleotides (16) . All known T7 primase recognition sites on natural DNA templates share the core trinucleotide sequence 5Ј-GTC-3Ј, and in the presence of synthetic templates containing this sequence, the T7 primase catalyzes the synthesis of the dinucleotide pppAC from precursors ATP and CTP (20) . Because this trinucleotide sequence occurs much more frequently in DNA than longer primase recognition sites such as 5Ј-GGGTC-3Ј, it was of interest to determine the relative efficiency with which the primase synthesizes oligoribonucleotides when given only this trinucleotide sequence.
Oligoribonucleotide synthesis reactions were performed using three different DNA templates composed of the sequences 5Ј-TGGTCAA-3Ј, 5Ј-GGTCAA-3Ј, and 5Ј-GTCAA-3Ј, which differ only in the length of the primase recognition site. Reactions contained 1 mM ATP, 1 mM [␣-32 P]CTP (100 Ci/mol), and 50 nM primase fragment (determined using the monomer molecular weight). For each of these DNA templates, the rate of oligoribonucleotide synthesis was measured (as described under "Primase Assays") at eight different concentrations of DNA ranging from 1 to 200 M. The reaction rate was dependent on DNA concentration, and the data fit by linear regression to the
, where K DNA is the concentration of DNA at which the rate is half-maximum. The three templates bind the enzyme with approximately the same K DNA of 15 Ϯ 5 M. However, surprisingly the shortest template 5Ј-GTCAA-3Ј supports a 5-fold higher V max than the two longer templates, which each support a similar V max . Fig. 1 shows the different rates of oligoribonucleotide synthesis supported by the templates 5Ј-TGGTCAA-3Ј, 5Ј-GGT-CAA-3Ј, and 5Ј-GTCAA-3Ј. In this experiment, the concentration of the DNA template was held constant at 80 M, and reactions were performed at various concentration of MgCl 2 ranging from 0 mM (Fig. 1A, lane 1) to 16 mM (Fig. 1A, lane 7) .
FIG. 1. Effect of Mg
2؉ on the rate of di-, tri-, and tetraoligoribonucleotide synthesis. Oligoribonucleotide synthesis reactions were performed at 23°C with three different DNA templates that differ only in the length of the primase recognition site. Reactions contained 1 mM ATP, 1 mM [ 32 P]CTP (100 Ci/mol), 50 nM primase fragment (determined using the monomer molecular weight) and 80 M DNA template. After 30 min, the products were separated from [␣- Both the rate and the length of the products synthesized are dependent on the length of the template. In the presence of the template 5Ј-TGGTCAA-3Ј (Fig. 1A) , the primase fragment catalyzes the synthesis of di-, tri-, and tetraribonucucleotides, and oligoribonucleotide synthesis extends to the end of the DNA template. The oligoribonucleotides are truncated when shorter DNA templates are used. In the presence of 5Ј-GGTCAA-3Ј, the primase fragment synthesizes only di-and trinucleotides (Fig.  1B) ; in the presence of 5Ј-GTCAA-3Ј, only dimers are produced (Fig. 1C) . The data indicate that when there is no other option, the primase fragment synthesizes dinucleotides quite rapidly. In the presence of longer DNA template sequences, the primase can either extend the dinucleotide or reinitiate the synthesis of another dinucleotide. As a result, under conditions allowing for dinucleotide extension, the overall rate of oligoribonucleotide synthesis is actually lower than rate of synthesis of the dinucleotide.
Effect of Divalent Metal Cations on Oligoribonucleotide Synthesis-Previous reports have suggested that the 63-kDa gene 4 protein catalyzes the synthesis of dinucleotides in the absence of an added DNA template, albeit at a rate much lower than that observed in the presence of a template (21) . This DNA-independent dinucelotide synthesis is enhanced in the presence of MnCl 2 (22) . Because only dinucleotides are synthesized by the gene 4 protein in the absence of DNA and the rate of this reaction is dependent on the nature of the divalent cation, divalent cations may play a different role in the synthesis of dinucleotides than in the extension of dinucleotides. Consequently, we examined the rates of di-, tri-, and tetranucleotide synthesis in reactions containing the primase fragment and various concentrations of divalent metal cations.
In reactions lacking template, and containing from 0 to16 mM of either MgCl 2 or MnCl 2 , no oligoribonucleotide synthesis was detected (data not shown). We conclude that all oligoribonucleotide synthesis catalyzed by the primase fragment requires the presence of a DNA template. Perhaps the template-independent dinucleotide synthesis catalyzed by the full-length gene 4 protein results from an activity of the helicase domain. In support of this notion, the 56-kDa protein that lacks primase activity retains the Mn 2ϩ -dependent ability to synthesize dinucleotides (23) . It is also possible that a slight contamination of the 63-kDa gene 4 protein with DNA led to these earlier observations. Unlike the primase fragment, which is readily separated from cellular DNA (14) , the full-length gene 4 protein binds tightly to DNA (24) .
In reactions containing template, it is clear that the rate of oligoribonucleotide synthesis is dependent on the Mg 2ϩ concentration ( Fig. 1) . Similar rates were observed when MnCl 2 was substituted for MgCl 2 (data not shown). The amount of each product from each reaction shown in Fig. 1 (A-C) was measured by phosphorimage analysis by comparing the densities of each spot with the density resulting from known amounts of [␣-
32 P]CTP and corrected for the number of labeled nucleotides in each oligoribonucleotide. After measuring the total amounts of dimer (pppAC), trimer (pppACC), and tetramer (pppACCA), the rates of total nucleotide incorporation were calculated at each concentration of Mg 2ϩ for each reaction in the presence of each template tested (Fig. 1D) . Regardless whether the template supports only dimer synthesis, dimer and trimer synthesis, or the synthesis of all three products, the K m for Mg 2ϩ remains constant at about 2 mM, suggesting that Mg 2ϩ plays a similar role in the synthesis of all three products. Moreover, the relative amounts of di-, tri-, and tetranucleotide products do not vary as a function of divalent metal ion concentration, indicating that Mg 2ϩ does not alter the processivity of the enzyme.
Frequency of Abortive Oligoribonucleotide Synthesis-In the presence of the template 5Ј-GTCAA-3Ј, 100% of the products detected are dinucleotides (Fig. 1C ). In the presence of 5Ј-GGTCAA-3Ј, about half of the products are dinucleotides, and half are trinucleotides (Fig. 1B) . However, in the presence of the template 5Ј-GGGTCAA-3Ј, most of the products are dinucleotides and tetranucleotides, whereas only a small amount are trinucleotides (Fig. 1A) . Because of the striking difference in the relative amounts of the di-and trinucleotide products, we next examined the ratios of the various products formed on longer DNA templates. On a natural DNA template such as M13 ssDNA, the gene 4 synthesized primers used by the T7 polymerase are mainly tetraribonucleotides (1). With synthetic DNA templates, T7 primase can synthesize longer oligoribonucleotides on templates containing long stretches of dG residues 5Ј to the recognition sequence (25) . To reexamine this reaction in the absence of the helicase domain, the activity of the primase fragment was examined in the presence of longer DNA templates in which the template was extended on the 5Ј-end by the addition of dG residues.
In the experiment shown in Fig. 2 , the primase fragment was incubated in the presence of [␣-
32 P]CTP, ATP, and five different DNA templates in which the 5Ј-end was extended by additional dG residues. Aliquots of each reaction were quenched after 0.5, 1, 1.5, 3, and 5 min, and the products were separated from [␣-32 P]CTP by gel electrophoresis. Indeed, the primase fragment retains the ability to synthesize longer oligoribonucleotides on templates containing stretches of guanosine residues 5Ј to the primase recognition site. Moreover, the total amount of all the products observed was linear over the time course of the experiment, and the overall rate of oligoribonucleotide synthesis on all of the templates varied less than 2-fold. The amount of NMPs incorporated into each product was di- 32 P]CTP (100 Ci/mol), and 100 M of the indicated DNA template. After 0.5, 1, 1.5, 3, and 5 min, 7-l aliquots were removed and then added to 7 l of stop solution (98% formamide, 10 mM EDTA, pH 8.0, 0.1% xylene cyanol FF, and 0.1% bromphenol blue). Samples were heated to 95°C for 5 min, and the products were separated by electrophoresis on a 25% polyacrylamide gel containing 3 M urea. Amounts of each product were measured by phosphorimage analysis. The total amount of NMPs incorporated into each product was divided by the total amount of NMPs incorporated into all of the products detected of each reaction. These values were averaged and multiplied by 100 to determine the percentage of reactions that terminate after the synthesis of a particular product. The ratios were averaged for each reaction. The results are reported from the shortest product (left) to the longest (right) for each reaction. The DNA templates used were, from left to right, 5Ј-GGGTCAA-3Ј, 5Ј-GG-GGTCAA-3Ј, 5Ј-GGGGGTCAA-3Ј, 5Ј-GGGGGGTCAA-3Ј, and 5Ј-GGG-GGGGTCAA-3Ј.
vided by the total amount of NMPs incorporated into all of the products detected. This value gives an estimate of the frequency with which synthesis is aborted after the synthesis of that particular oligoribonucleotide product. For example, in most reactions, approximately 30% of the NMPs are incorporated into dinucleotides, indicating that 30% of reactions stop after synthesis of the dimer. This value for the various products remained constant over the time course of the experiment, indicating that the shorter products are not synthesized first and then extended, which confirms that the shorter products result from abortive primer synthesis. To more concisely report the results of the data from this experiment, the percentages of each product at each time point were averaged, and the averages are reported in Fig. 2 .
These data show that, although the primase fragment will synthesize oligoribonucleotides to the end of DNA containing a primase recognition site, the frequency of abortive primers increases with the length of the template. In reactions containing the DNA template 5Ј-GGGTCAA-3Ј, 68% of the NMPs are incorporated into the tetramer pppACCC, and 20% are incorporated into the dinucleotide. Less than 6% of the NMPs are incorporated into the trimers, and a small amount (4%) of NMPs are incorporated into pentamers pppACCCA and pppACCCC. When the DNA template is lengthened by a single nucleotide on the 5Ј-end, the major product of the primase reaction is now a pentamer (pppACCCC). The next most common product is the dimer (34%), and less than 10% of the NMPs are incorporated into the trimers and tetramers. Only a small amount (2%) of the NMPs are incorporated into a hexamer, in which the last nucleotide is untemplated pppACCCC(A/C). Similar results were obtained for longer DNA templates. Each time, when the template is extended another base, the products are extended by one nucleotide. The most obvious trend in these data is that fewer full-length products are synthesized on longer DNA templates (Fig. 2) , suggesting that the ultimate length of oligoribonucleotides synthesized by the primase is limited. Secondly, of all the abortive products observed, the dimers are always the most common and account for 30 Ϯ 10% of the products regardless of the length of the DNA template. This accumulation of dinucleotides provides evidence that the dinucleotide is synthesized more rapidly than it is extended.
Kinetic Analysis of Dinucleotide Synthesis-To determine the kinetic constants describing the binding of the initiating NTPs to the enzyme, the T7 primase fragment (12.5 nM) was incubated with the DNA template 5Ј-GTCAAA-3Ј (65 M) at six different concentrations of ATP ranging from 0.033 to 3 mM, and six different concentrations of [␣-32 P]CTP (100 Ci/mol) from 0.1 to 3.2 mM. Under these conditions, the only product of the reaction, pppAC, can be separated from [␣-32 P]CTP using PAGE and then measured by phosphorimage analysis.
The rate of dinucleotide synthesis is clearly hyperbolically dependent on ATP or CTP concentration (Fig. 3A) . To distinguish between the three basic bisubstrate kinetic mechanisms, the data were fit to the equations describing ping-pong and both ordered and random bisubstrate reactions. To obtain initial estimates of the kinetic constants needed for regression analysis, the data in Using these initial estimates, all of the data in Fig. 3 were fit by nonlinear regression analysis (26) to the appropriate equations describing ping-pong, ordered, and random bisubstrate 
) by nonlinear regression analysis (26) . B, kinetic scheme for T7 primase fragment catalyzed dinucleotide synthesis from ATP and CTP.
mechanisms. The data fit best to an equation describing a random bisubstrate reaction as judged by minimal least squares and variances of fit, a 2 test of one, and minimal, random positive and negative residuals. The refined constants are shown on the kinetic scheme shown in Fig. 3B , and curves generated using these constants are shown along with the data in Fig. 3A . The enzyme binds ATP 2.6-fold more tightly than CTP, suggesting that at equal molar concentration of ATP and CTP, ATP will bind first. Moreover, there is a small 2.7-fold decrease in the affinity of the primase for the second substrate if the first NTP is already bound. The biological significance of this kinetic mechanism remains unclear, but at the high physiological concentrations of ATP (Ͼ5 mM), ATP may be perpetually bound to the primase, making primer initiation particularly sensitive to cellular CTP concentrations.
The Rate of Dinucleotide Extension Is Dependent on the Concentration of Both ATP and CTP-After the synthesis of the dinucleotide, the next step in primer synthesis involves the extension of the dinucleotide to the tetranucleotide, which functions as a primer for T7 DNA polymerase (1) . To examine the regulation of dinucleotide extension, the synthesis of oligoribonucleotides on templates containing the recognition sequence 5Ј-GGGTC-3Ј was examined under various conditions. An interesting result was obtained when the double titration of the primase fragment with ATP and CTP was repeated using the template 5Ј-GGGTCAAAAA-3Ј. The di-, tri-, and tetranucleotide products were each dependent on the concentration of ATP and CTP (Fig. 4) . As was seen previously (Figs. 1  and 2 ), the two major products are a dimer and a tetramer, and the amount of trimer detected was quite low compared with the amounts of either dimer or tetramer. Fig. 4A shows the rates of dimer, trimer, and tetramer formation when the amount of ATP was held constant at 2 mM. At all concentrations of CTP tested, the amount of trimer formed was substantially less than the amount of either dimer or tetramer observed. It is noteworthy that the rate of tetramer formation was lower than the rate of dimer formation at concentrations of CTP less than 1 mM. The rate of tetramer formation increases with increasing CTP concentration until it exceeds the rate of dimer formation. The opposite pattern is seen when the concentration of ATP is varied, whereas the concentration of CTP is held constant at 0.2 mM. In Fig. 4B , the rates of appearance of the dimer, the trimer, and the tetramer are plotted versus ATP concentration. Again, under these conditions, the amount of trimer produced is less than 1 ⁄10 that of either the dimer or the tetramer. The amount of tetramer synthesis decreases at concentrations of ATP above 1 mM. Nevertheless, under the same conditions, the amount of dimer produced steadily increases with the concentration of ATP. In summary, frequency of dinucleotide extension, which can be simply defined as the rate of tetramer formation divided by the rate of dimer formation, increases with increasing CTP concentrations (at 1 mM ATP; Fig. 4A ) and decreases with increasing concentration of ATP (at 0.2 mM CTP; Fig. 4B ).
To further examine the effect of NTP concentration on the length of products formed, all data from this experiment were analyzed comparing the rate of formation of dinucleotides and tetranucleotides. The amount of tetramers formed at each concentration of ATP and CTP was divided by the amount of dimers formed. This value compares the relative rate of dinucleotide extension with dinucleotide formation. At high concentrations of ATP, the enzyme less frequently extends dinucleotides, and the production of dimers is favored. Moreover, this pattern is seen at all concentrations of CTP tested. Other, more complex trends are apparent in the plot in Fig. 4C . For example, in contrast with Fig. 4A , which was performed at 1 mM ATP, at lower concentrations of ATP (Ͻ0.3 mM), the dinucleotide extension decreases with increasing concentrations of CTP (Ͼ0.8 mM). These trends hamper the fitting of these data to a single equation. However, in general, dinucleotide synthesis is favored over extension at high concentrations of ATP or CTP, and dinucleotide extension is favored at low concentrations of ATP.
Fidelity of Oligoribonucleotide Extension-The role of the template in NTP selection was next examined by comparing the rate of incorporation of each of the four canonical NTPs on defined DNA templates. To estimate the fidelity of oligoribonucleotide synthesis by the primase fragment, a minimal DNA template was used in the presence of a synthetic triribonucleotide ACC. In addition to synthesizing oligoribonucleotides de novo, the T7 gene 4 protein also catalyzes the extension of diand trinucleotides to functional tetranucleotide primers at specific primase recognition sites starting with a cryptic C (27) . The primase fragment also catalyzes oligoribonucleotide extension (14) . Hence, the trimer is extended to a tetramer in the presence of a template containing the recognition sequence (Fig. 5) . The rate of insertion of each of the four ␣-32 P-labeled NTPs was measured in the presence of two different DNA templates 5Ј-GGGTCA-3Ј and 5Ј-TCCTCA-3Ј (Fig. 5) . When the amount of enzyme routinely used for rate determination was used (0.05-0.1 M enzyme), no misincorporation was detected. However, when 100 times more enzyme was used, misincorporation was detectable. Not surprisingly, the insertion of nucleotides by the primase is template-directed. When the primase is presented with a template dT, the enzyme preferentially inserts AMP (Fig. 5A) , and when the enzyme is presented with a template dG, the enzyme inserts CMP (Fig. 5B) . The fidelity of the enzyme was calculated by dividing the turnover rate of the enzyme when the correct nucleotide is inserted by the turnover rate of the enzyme for the insertion of the incorrect nucleotide. The T7 primase is 200 -900 times more likely to insert a "correct" nucleotide than a nucleotide that could form non-Watson-Crick base pair.
In most of the trinucleotide extension reactions (Fig. 5 ) only a single product, a tetranucleotide, was detected. However a small amount of a second product was observed in reactions containing [␣-32 P]ATP and high concentrations of enzyme. This product migrates in the gel at the same location as a dinucleotide pppAA. The formation of a dinucleotide only in reactions containing ATP is in agreement with the previous observation that all primers synthesized by gene 4 protein initiate with ATP (1, 28) . It is possible that this dinucleotide is synthesized in a template-independent manner or is due to the misincorporation of AMP opposite the dG at the primase recognition site 5Ј-GTC-3Ј. The experiments described in the next section were designed to differentiate between these two possibilities.
The Fidelity of Dinucleotide Synthesis-It has been suggested that the dinucleotide pppAC can be synthesized in a template-independent manner and that this dimer, bound tightly by the enzyme, can be used to locate the recognition sequence 5Ј-GTC-3Ј in DNA (22, 25) . The lack of oligoribonucleotide synthesis by the primase fragment in the absence of template (14) argues against this hypothesis. However, the observed formation of a dimer pppAA (Fig. 6A, lane 1) again raises the possibility of template-independent dinucleotide synthesis. To determine the role of the template in dinucleotide synthesis by the primase fragment, oligoribonucleotide synthesis reactions were performed at various concentrations of CTP, [␥-32 P]ATP, and a template containing the primase recognition site 5Ј-GGGTC-3Ј. The pppAA dimer forms in the presence of a DNA template containing a primase recognition site 5Ј-GGGTC-3Ј (Fig. 6A, lane 1) , suggesting that an AMP is actually misincorporated against a template dG. In the absence of DNA no dinucleotide is synthesized (data not shown). When CTP, which forms a Watson-Crick base pair with the template dG, is added to the reaction mixture, the production of a pppAA dimer is inhibited, and virtually no pppAA is detected even at the lowest concentration (0.06 mM) of CTP tested (Fig. 6A, lane 2) . The formation of a pppAC dimer, as well as the dinucleotide extension to the tetranucleotide pppACCC is also observed, and the rate of these reactions is clearly dependent on the concentration of CTP (Fig. 6A, lanes 2-6) .
The fidelity of dinucleotide synthesis was examined in more detail by repeating the experiment shown in Fig. 6A substituting other canonical nucleoside triphosphates for CTP. No additional oligonucleotides (besides pppAA) were observed in the presence of ATP, and GTP, UTP, dGTP, dATP, dTTP, or dCTP. Hence, the T7 primase clearly prefers to synthesize the dinucleotide pppAC at the recognition site 5Ј-GTC-3Ј, although AMP may be misincorporated versus a template dG at a low rate. The misincorporation of AMP occurs at a rate 1 ⁄100 that of the incorporation of CMP. Furthermore, the primase specifically incorporates ribonucleotides; 2Ј-deoxynucleotides cannot substitute.
To examine the specificity of the primase with regard to the nucleotide sugar in more detail, we have synthesized the nucleotide analogue 3Ј-dCTP. If the primase solely requires the presence of a 2Ј-OH functional group, then 3Ј-dCTP, which retains the 2Ј-OH, may be incorporated by the primase. If 3Ј-dCTP is incorporated efficiently by the primase, then it could be a potent primase inhibitor because the nucleotide lacks a 3Ј-OH necessary for the subsequent nucleotidyl transfer reaction. Fig. 6B compares the ability of the primase to synthesize oligonucleotides in the presence ribo, 2Ј-deoxy-, and 3Јde-oxyCTP. The primase clearly prefers ribonucleoside triphosphates, and the elimination of either the 2Ј or 3Ј hydroxyl groups decreases the rate of oligonucleotide synthesis by over 100-fold. This observation demonstrates that the 2Ј-OH is not the sole determinant of primase sugar specificity. Although 2Ј-dCMP is not incorporated at any detectable rate, some oligonucleotide synthesis occurs in the presence of high levels of 3Ј-dCTP (1 mM). The products of oligonucleotide synthesis in the presence of CTP (Fig. 6C, lane 1) or 3Ј-dCTP (Fig. 6C, lane  2) are distinctly different. In the presence of ATP, CTP, and the primase recognition site 5Ј-GGGTC-3Ј, the primase synthesizes di-, tri-, and tetranucleotides. However, when CTP is replaced with 3Ј-dCTP, only a single product is detected. This product was not directly identified, but it is most likely a dinucleotide with [␥- 32 P]ATP at the 5Ј-end and 3Ј-dCMP at the 3Ј-end. This conclusion is supported by the facts that the product retains the ␥-phosphate from ATP and migrates in the gel more rapidly than pppAA or pppAC.
To determine the relative affinity of the primase for modified NTPs, we made several attempts to measure the K i of 3Ј-dCTP. Because the 3Ј-dCTP is incorporated as a chain terminator at a low rate relative to CTP (Fig. 6B) , the analogue is a weak inhibitor of the oligonucleotide synthesis in reactions containing ATP and CTP with a K i of approximately 2 mM assuming competitive inhibition. One experiment comparing the relative affinity of the enzyme for CTP and 3Ј-dCTP is shown in Fig. 6D . The formation of a pppAA dimer is inhibited by the nucleotide analogue 3Ј-dCTP, which like CTP, can base pair with a template dG. When the primase fragment is titrated with either 3Ј-dCTP or CTP, the formation of the pppAA dimer is inhibited (Fig. 6D) . In these conditions, 50% inhibition occurs as either 80 M CTP or 120 M 3Ј-dCTP, indicating that the two nucleotides bind the enzyme with similar affinities. We conclude that both nucleotides bind the enzyme opposite a dG residue similarly to inhibit the misincorporation of AMP versus a template dG (Fig. 6B) . Although the two compounds bind the enzyme with similar affinities, 3Ј-dCMP is incorporated into dinucleotides at a much lower rate than CMP (Fig. 6B) , suggesting a role of the nucleotide sugar in properly orienting the NTP in the active site of the enzyme.
Effect of Modifications of the Triphosphate Moiety on
Oligoribonucleotide Synthesis-At the primase recognition site 5Ј-TG-GTC-3Ј the T7 primase incorporates ATP at the 5Ј-end of the oligoribonucleotides and AMP at the 3Ј-end of the oligoribonucleotides pppACCA. The nucleotide analogue ␣,␤-methylene ATP contains a CH 2 group between the first and second phosphates of ATP, which should block the nucleotidyl transfer reaction necessary for AMP incorporation at the 3Ј-end of the oligoribonucleotides. One would therefore expect ␣,␤-methylene ATP to be a potent inhibitor of the T7 primase. However, when reactions containing ATP, [␣-32 P]CTP, the primase fragment, and the template 5Ј-TGGTCAA-3Ј are titrated with ␣,␤-methylene ATP, little inhibition of oligoribonucleotide synthesis occurs. In fact, a slight stimulation (less than 2-fold) occurs in the presence of the highest concentrations of ␣,␤-methylene ATP. The products of four reactions containing increasing amounts of ␣,␤-methylene ATP are shown on the autoradiogram of the gel in Fig. 7A . When the experiment is repeated in the absence of ATP, the rate of oligoribonucleotide synthesis is now dependent on the concentration of ␣,␤-methylene ATP with no synthesis occurring in the presence of only CTP. The major products of the reaction are dinucleotides and trinucleotides. The tetranucleotide is not synthesized. A small amount of the tetranucleotide pppACCC is seen resulting from the misincorporation of CMP. This finding indicates that ␣,␤-methylene ATP is readily incorporated at the 5Ј-end as the initiating nucleotide of the oligoribonucleotide but is not a substrate for the incorporation of AMP at the 3Ј-end of oligoribonucleotides.
When the methylene group is instead placed between the second and third phosphate of ATP, as in the nucleotide analogue ␤,␥-methylene ATP, this analogue is likewise incorporated only at the 5Ј-end of the of the RNA primer (Fig. 7B) . When the experiment was repeated in the presence with the ATP analogue ␤,␥-imido ATP, the ATP analogue was incorporated at both ends of the oligoribonucleotide (Fig. 7C) . However, the amount of tetramer produced relative to the amount of dimer is less than that in reactions containing ATP instead of ␤,␥-imido ATP. Hence, the majority of the products are the trinucleotides, suggesting that the imido group ␤,␥-imido ATP hampers the transfer of AMP to the 3Ј-end of the oligoribonucleotide.
DISCUSSION
Bacteriophage T7 provides a model system to study the biochemistry of proteins involved in DNA replication because of the relatively few required proteins (29) . The coordinated synthesis of both leading and lagging DNA strands requires only four proteins, the T7 gene 2.5 protein, the T7 gene 4 helicase/ primase, the T7 gene 5 DNA polymerase, and Escherichia coli thioredoxin. At the core of this complex is the product of T7 gene 5, a DNA polymerase (30) that also has a 3Ј-5Ј proofreading exonuclease (31) . The host E. coli thioredoxin forms a tight complex with the T7 gene 5 protein, greatly enhancing the processivity of the polymerase (32, 33) . The 63-kDa T7 gene 4 protein is a DNA helicase and, in addition, as a primase, catalyzes the template-directed synthesis of oligoribonucleotides (7, 9 -11, 34) . These short oligoribonucleotides serve as primers for T7 DNA polymerase (28) . The final component of the T7 replisome, the gene 2.5 protein, is a single-stranded DNA-binding protein (35) that is important in the coordination of DNA synthesis (36) . Of all the enzymatic reactions taking place at the T7 replication fork, the least well characterized is the synthesis of oligoribonucleotide primers by the DNA primase. Previously kinetic studies of the primase reaction were complicated by the fact that the gene 4 protein contains, besides primase activity, a helicase activity fueled by the hydrolysis of nucleoside triphosphates. Any activity affecting NTP pool levels would affect the rates of primer synthesis, because NTPs are the precursors of oligoribonucleotide synthesis. Moreover, the DNA binding and the 5Ј-3Ј translocation of the protein on ssDNA undoubtedly affects the frequency with which the primase encounters primase recognition sites. Although many gene 4 point mutants have been isolated or constructed that affect helicase or primase activities, the only way to unambiguously study primase function is to isolate primase apart from any helicase activity.
We have isolated the primase function of the T7 gene 4 protein independent from the helicase function by expressing and purifying the N-terminal 271 residues of the T7 gene 4 protein (14) . The ability to isolate the primase activity as a separate functional peptide confirms that the activity resides in a separate protein domain. Although this primase fragment binds DNA 100-fold less tightly than the full-length protein because of the absence of the helicase domain, the primase fragment synthesizes oligoribonucleotides as rapidly as the full-length protein. Under optimal conditions, the rate of RNA synthesis catalyzed by the primase fragment reflects an enzyme turnover rate of 1-5/s, a rate more than sufficient to support coupled simultaneous synthesis of both strands of DNA (16) . If the synthesis of the leading strand proceeds in a continuous fashion, then the lagging strand must be synthesized in a discontinuous manner requiring the frequent initiation of new Okazaki fragments. Assuming a 3,000-nucleotide average length for Okazaki fragments (36 -38) , the rate of primer synthesis is sufficient to facilitate T7 DNA synthesis at the measured rate of 300 nucleotides/s (39) . We have used the primase fragment to examine the kinetics of oligonucleotide synthesis by the T7 primase in the absence of helicase and NTPase activities. Several conclusions may be drawn involving the nucleotide binding events required to initiate dinucleotide synthesis and to extend of the dinucleotide to a functional primer. We use the data to propose a model for oligoribonucleotide synthesis based heavily on the mechanism of RNA strand initiation of RNA polymerase (40, 41) . The model is depicted in Fig. 8 .
T7 primase catalyzes the synthesis of oligoribonucleotide primers in a minimum of four discrete steps: NTP binding, dinucleotide formation, extension of the dimer to a trimer, and trimer extension to the functional tetramer. The simple mechanism for primer synthesis outlined in Fig. 8 involves the utilization of only two nucleotide-binding sites during primer synthesis. Because all known polymerases add nucleotides in a 5Ј-3Ј direction, we assume that the T7 primase is not different. Hence, the nucleotide-binding site where nucleotide incorporated at the 5Ј-end of the primer binds is designated the "initiation site." Nucleotides that are added to elongate the 3Ј-end of the primer bind at a second site referred to as the "elongation site." As has been previously demonstrated for E. coli RNA polymerase (42) and E. coli primase (43) , the initiation site may be sufficiently flexible to either bind a single nucleotide or a short oligonucleotide. Hence, at each step of primer synthesis, the product (Nϩ1) oligonucleotide may be transferred to the initiation site so that another NTP may bind to the elongation site. The length of the oligonucleotide that can bind in the initiation site limits the final length of the oligoribonucleotide synthesized by the primase. Hence the frequency of abortive primers increases with template length (Fig. 2) .
During the first step in oligoribonucleotide synthesis, the first nucleotide incorporated, ATP, is bound by the primase at the initiation site. The second nucleotide to be incorporated binds the enzyme at the elongation site. The affinity of the enzyme for ATP is 2.6-fold higher than for CTP, suggesting that unlike the primase from calf thymus (46), the first nucleotide to bind the enzyme may be incorporated at the first position of the primer. Another important difference between the two nucleotide-binding sites is their specificity. The initiation site only binds ATP or a 5Ј-A terminated oligonucleotide, as evidenced by the fact that all oligoribonucleotides begin with ATP. In contrast the specificity of elongation site is templatedirected (Fig. 5) . Even during the synthesis of the dinucleotide, the binding of the NTP to the elongation site is templatedirected (Fig. 6) . A third difference between the two primase nucleotide-binding sites involves their binding of nucleotide analogues. The primase fragment does not incorporate methylene derivatives of ATP, whether between the ␣ and ␤ or the ␤ and ␥ phosphates, at the 3Ј-end of the primer (Fig. 7) . These modifications likely disrupt the ability of the enzyme to catalyze nucleotidyl transfer. In addition, the ATP analogues (Fig.  7) do not inhibit the incorporation of ATP at the 3Ј-end of the oligoribonucleotides, suggesting that they bind the initiation site more weakly than ATP. The same analogues are readily incorporated at the 5Ј-end of the primer, and hence ATP binding in the initiation site must be unaffected by the presence of modifications to the three phosphates (Fig. 7) . The incorporation ATP analogues at the 5Ј-end of oligoribonucleotides, coupled with the previous observation that the 63-kDa gene 4 protein can begin oligonucleotides with AMP or ADP (27) suggests that the initiation site makes few contacts with the triphosphate end of the nucleotide. Such an open or flexible nucleotide-binding pocket would help explain the ability of the initiation site to bind either ATP or an oligoribonucleotide.
After NTP binding and dinucleotide formation, the next step in primer synthesis involves the extension of the dinucleotide to the tetranucleotide. This reaction occurs in two steps. In the first step, the dinucleotide is extended to a trinucleotide, and in a second chemical reaction the trinucleotide is extended to a tetranucelotide. The extension of the dinucleotide to a trinucleotide occurs more slowly than the extension of the trinucleotide to a tetranucleotide, and under steady state conditions, the amount of trimer observed is a small fraction of the amount of tetramer (Fig. 2) . This result could be explained if the trimer is bound more tightly in the initiation site than the dimer or if the trimer is released more slowly as an abortive product. The added stability could result from either an extra set of hydrogen bounds formed with the template DNA or base stacking between the first two RNA nucleotides.
Abortive oligoribonucleotides (dimers and trimers) observed in previous studies using the full-length T7 gene 4 protein and natural ssDNA template such a M13 could arise for various indirect reasons. For example, there is a higher frequency of short primase recognition sites 5Ј-GTC-3Ј (68 sites) compared with longer sites such as 5Ј-GGGTC-3Ј (2 sites) in M13 ssDNA. In addition, the action of the helicase domain of gene 4 affects the ratio of oligoribonucleotide products (14) . This study using FIG. 8 . Pathway for RNA primer synthesis for the T7 primase. The primase is tethered to ssDNA containing the primase recognition site 5Ј-GGGTC-3Ј via the helicase domain. The primase catalyzes the synthesis of tetranucleotide primers from ATP and CTP using a minimum of two nucleotide-binding sites. This simple scheme predicts that the nucleotide incorporated at the 5Ј-end of the primer, ATP, binds at the initiation site, and the second nucleotide, ATP or CTP as directed by the template, binds at the elongation site. After a dinucleotide is synthesized, either the enzyme releases the dinucleotide (abortive synthesis) or the dinucleotide is transferred to initiation site. The dimer is extended to a trimer, and the trimer is extended to the tetramer. The release of the trinucleotide as an abortive product is a rare event.
the primase fragment and short defined templates demonstrates that this abortive primer synthesis is an intrinsic characteristic of the T7 primase and not a secondary effect resulting from the sequence of the DNA template or the helicase. When the primase fragment is provided only a short DNA template containing a single primase recognition site (5Ј-GGGTCAA-3Ј), the amount of dimers formed is still substantial compared with tetramers (Fig. 1A) . One simple explanation for this abortive synthesis is that ATP competes with pppAC for binding at the initiation nucleotide-binding site. Indeed high levels of ATP favor dinucleotide synthesis (Fig. 4B) . Although the exact enzymatic mechanism regulating the length of oligonucleotide products remains elusive, small changes in the cellular NTP pools could greatly influence the rate at which full-length oligoribonucleotides are produced (Fig. 4C) . Because the tetramers functions both in vivo and in vitro to prime DNA synthesis, whereas dimers or trimers do not prime, such regulation may be biologically significant.
A comparison of the T7 primase with other DNA-dependent RNA polymerases reveals several apparent differences and similarities. Assuming that the T7 protein is active as a monomer, its measured k cat of 2-4 s Ϫ1 is even higher than the rate of strand initiation by T7 RNA polymerase (0.83 s
Ϫ1
) (44) . Other DNA primases incorporate nucleotides much more slowly. For example, the E. coli DnaG primase synthesizes primers with a k cat of 0.00089 s Ϫ1 (45) , whereas the eukaryotic primase from calf thymus has a k cat of 0.0075 s Ϫ1 (46) . Although the T7 primase fragment is more active than similar enzymes, the average length of its products is less than related enzymes. Like the gp61 primase from phage T4 (47), major products of the T7 primase are tetra-or penta-nucleotides. The products of T7 RNA polymerase are mRNAs hundreds of nucleotides long (48) , and the products of E. coli dnaG protein (45) and the eukaryotic primase from calf thymus (46) are more than twice as long as the T7 primase. Finally, like other RNA polymerases, abortive RNA synthesis resulting in the production of incomplete RNAs is quite common in reactions catalyzed by the T7 primase. The most common abortive product is the dinucleotide. This could be due either to the fact that the dimer is synthesized more rapidly than it is elongated or simply because the dimer is highly unstable in the active site of the enzyme. The further structural and enzymatic analysis of the highly active primase fragment should provide a simple model to study the mechanism of DNA-directed RNA synthesis.
